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Starting from an ab initio anisotropic potential surface, we have calculated the bound 
rovibrational states of the A r - N H 3 dimer for J  =  0, 1, 2, and 3. There  is good agreement 
with data  available from molecular beam spectroscopy in the microwave and far-infrared 
regions. The nature  of the states is discussed and they are correlated with free internal rotor 
states. In spite of the substantial barriers to internal rotation, A r - N H 3 resembles m uch 
more a free internal ro tor complex than a nearly rigid dimer. Still, the van der Waals 
vibrations show characteristic differences from free internal rotations. In particular, there is 
strong mixing between the fundam ental stretch vibration of the dimer and the lowest 
bending mode. We assign the band observed in the far-infrared region to the lowest, 
primarily bending, of these modes. F u r the r  transitions in the yet unexplored far-infrared 
regions are predicted.
I. INTRODUCTION
A m ong the van der Waals complexes studied by spec- 
troscopists and theoreticians a considerable fraction con­
sists of dimers of polar molecules which are expected to be 
hydrogen bonded. But also the dimers of polar molecules 
with rare gas atoms have received much attention. F o r  a 
number of years this attention was focused on the A r-H C l 
dimer, where the combined efforts of molecular beam spec­
troscopy and theory have led to a ra ther  well established 
potential energy surface and characterization of the van
der Waals rovibrational s ta tes .1 This work has been ex-
^  1
tended to o ther rare gas-hydrogen  halide dimers." Lately, 
the interest has shifted towards a to m -d ia tom  complexes 
with open-shell molecules, such as A r - O H ,5 and towards 
a tom -polyatom  complexes, such as A r - H 20  and A r - N H 3. 
This latter complex has been studied by K lem perer and 
co-workers, by means of microwave spectroscopy.6,7 Very 
recently, both A r - H 20  and A r - N H 3 have been investi­
gated in Saykally’s group by means of far-infrared tunable 
laser spectroscopy.8,9 The microwave spectra yield infor­
mation on the s tructure  of the dimers in their ground vi­
brational state, the far-infrared spectra probe the van der 
Waals vibrations. Especially these vibrations are sensitive 
to a large part of the intermolecular potential surface.
H utson  has developed a theoretical model for the h in ­
dered internal ro tor states of H 20  in the A r - H 20  d im er .10 
However, due to his lack of knowledge of the intermolec- 
ular potential, this model had to be oversimplified. For 
A r - N H 3 it has been concluded from the microwave spec­
trum 6,7 that the N H 3 m onom er probably exhibits nearly 
free internal rotations. The  end-over-end rotational con­
stant has been extracted and the van der Waals stretch 
frequency has been estimated with the use of an effective 
diatom model. Most of the lines observed in the microwave 
spectrum still had to remain unassigned, however.7 In the 
far-infrared spectrum only one band has been observed, so 
far.9
From  ab initio calculations in our group, an aniso­
tropic potential surface for A r - N H 3 has now become avail­
able. F or  the description of this potential surface, which 
represents the long range induction and dispersion and the 
short range penetration and exchange interactions in the 
A r - N H 3 dimer, we refer to the preceding pap e r .11 Here, we 
describe the calculation and characterization of the van der 
Waals rovibrational states of this complex. This calculation 
is based on the formalism described for general van der 
Waals dimers by Brocks et al. It is briefly outlined in Sec.
II for the specific case of an a tom -po lya tom  and the rele­
vant sym m etry  considerations are given in Sec. III. The 
N H 3 m onom er is assumed to be rigid, with rotational con­
stants corresponding to the ground vibrational state of free 
N H 3. This is justified by the large frequency gap between 
the N H 3 m onom er modes and the van der Waals vibrations 
and by the fact that also the (low-frequency) inversion 
tunneling of N H 3 appears to be separated from these van 
der Waals vibrations.6 The validity of this separation can 
be checked by comparison with the experimental data; it 
will be explicitly studied in a forthcoming pap e r .13 In the 
present paper we describe the variational calculation of the 
bound rovibrational states of A r - N H 3 in a discrete basis of 
radial (van der Waals s tre tch) wave functions, symmetric 
top eigenfunctions for N H 3, and overall rotation functions. 
The nature  of the resulting dim er eigenstates is discussed, 
in relation with the available spectroscopic data. This p ro ­
vides an understanding of these data  and it will facilitate 
the interpretation of the remaining parts of the spectra. 
Additional interesting features in the yet unexplored re­
gions o f  the far-infrared spectrum are predicted.
II. THEORY
In a space fixed frame the vector R, which points from 
the N H 3 center of mass to the A r  nucleus, has length R , 
colatitude angle ß, and azimuthal angle a. We define two 
other coordinate frames. The first frame, which we shall 
refer to as the dimer frame, is obtained by rotating the 
space fixed frame around  its z axis over a  and around  the 
new y  axis over ß. In this frame R lies along the z  axis. The 
second frame is a principal axes frame on N H 3 with its
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origin on the N H 3 center of mass. The z axis of this frame Special attention has to be given to the inversion tun-
lies along the C3 axis of N H 3 and one of the hydrogen neling of the N H 3 monomer. The energy barrier for inver-
atoms lies in the xz  plane, below the negative x  axis. It is sion tunneling (2023 cm -  1 in free N H 3) is m uch higher
related to the dimer frame by rotations over the Euler than the barriers to rotation in the A r -N H ^  dim er that
angles cp, d, and y. The angles d and y  are the polar angles follow from the anisotropic intermolecular po ten tia l .11 In
of the N H 3 C3 axis with respect to the dimer frame and cp 
corresponds to a rotation of N H 3 around its C3 axis.
We assume N H 3 to be a rigid ro tor and the argon atom 
to be in its (zero angular m om entum ) electronic ground 
state. Then the Hamiltonian can be written a s 12
H
■ ■ i  ' ^  1 a  a
X  j  A +  J77d2 [ J  " +  7 “ — 2 j • J  ]
À
f r  d2
2p R  dR ( 1)
The first term in Eq. ( 1 ) is the rigid ro tor H am ltonian  for 
the polyatom. The constants A À(À =  x,y,z)  are the polya­
tom vibrationally averaged rotational constants. This aver­
aging is justified by the relatively large gap between inter- 
a j d  intramolecular vibrational frequencies. The operators 
j  ;v are the components of the N H 3 body-fixed angular 
m om entum  operators with respect to the N H 3 frame; they 
depend on the angles cp, $ , and y. The second term in Eq. 
( 1 ) contains the overall rotation of the dimer and the Co-
A
riolis coupling. The three operators J   ^ depend on a ,  ß, 
and y. They do not satisfy the usual angular m om entum• • 19 ^ j ^
com m utation  relations. “ However, J  “ and J  _ have the 
form of the usual rigid body angular m om entum  operators. 
The third term in Eq. ( 1 ) is the kinetic energy belonging to 
the radial coordinate R =  | R | , with /i denoting the re­
duced mass of the complex. The intermolecular potential 
Vinl depends on R , $ , and cp and we have expanded it in 
normalized tesserai harmonics (real spherical harm onics)
r int( R M X (
l,m
1 y nvlm( R ) S lm($,cp). (2)
Due to the symmetry of the dimer (Sec. I l l )  only terms 
with m =  0,3,6,... are present in this expansion. The expan­
sion coefficients v/m(R )  are given analytically as functions 
of R  in Ref. 11. Terms with R  ~ 6, R  7, through R ~ 10, 
represent the long range induction and dispersion in terac­
tions and exponential functions represent the exchange re­
pulsion and the damping of the long range interactions.
the vibrational ground state of free N H 3 this tunneling 
leads to a frequency splitting of 24 G H z. In A r - N H 3 prac­
tically the same splitting ( —20 G H z )  is observed.6 We 
assume, therefore, that in first instance the N H 3 inversion 
tunneling can be separated and omitted from the calcula­
tion of the van der Waals vibrations. We must bear in 
mind, of course, that some of the calculated states will in 
fact be doublets (see Sec. I I I ) .
We obtain the bound states of the H am iltonian  in Eq. 
( 1 ) by using the complete orthonorm al quadratically inte­
grable basis
■(2y +  1 ) (27 +  1)
32/73
1/2
(3)
where D  denotes the Wigner rotation func tion14 and 
R ~ lX n(R )  a complete o rthonorm al set in the radial 
coordinate R . ]~ The functions X n (R )  are characterized by 
three parameters: R  Morse» A  anc  ^ r- These are related to the 
Morse oscillator with the parameters: dissociation energy
£>Morse> equilibrium distance ^Morse» an d fundamental fre­
quency <yMorse, via
p =  integer closest to 4Z)MorseAoMorse,
1/2
The angle y  can be regarded either as an overall ro ta­
tion angle or as an internal degree of freedom, because the 
two Wigner rotation functions in Eq. (3) share the same 
subscript Í1, a consequence of the transform ation of a com ­
plete o rthonorm al basis in the space fixed frame to the 
dimer frajne. The first D function is an eigenfunction of 
j  2 and j  z with eigenvalues ñ 2j ( j  +  1 ) and f ik , respec- 
tively. The second one is an eigenfunction of J  ~ and J  2, 
with eigenvalues f r J ( J  +  1 ) and ñ£l, respectively. F or  the 
dimer J  and M  are good quantum  numbers provided we 
neglect the hyperfine interactions. The matrix elements of 
the Hamiltonian in Eq. (1) over the basis functions given 
in Eq. (3) are
( j  k  f i  J  M  n I H  I j k i l J M n )  — j [A J { j  -f- 1 ) -f (Az — A x) k~]ô/rô/c^ ô^^i' ( -j-jj
2H 2}<5nir jci O n ^ i r n  + i — Cyn O í Á n i  -  i ] ^j/^kk' +  (n +  P +  1 ) +  P
f t p
2p [{J{J +  1) + 7(7 +  1)
+ -  {n(n -  \){n +p) (n +p  -  1 )}1/2<5„'„_2 -  {(" + l)(n + 2)(n +p
+ 1 ) (// +  p  +  2 ) } 1/“0 /,-,; + l i à j j à k k ' à i l ü '  +  X  Vlm 8 Im 0  J > k  >k,il)önrr
I. ni
(4)
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TABLE I. Effect of group operations on the basis functions \ j kOJM)
PI(C 3tl) Effect on basis
( l ) \ jk£lJM)
(123) exp {2irik/3) \ j k ñ J M )
(132) exp ( — 2nik/2>) 1 j k fLJM)
(23)* ( _  y + k 1 j  — k — CLJM)
(13)* ( -  )7+A exp ( 2irik/3) 1 j - k - t l J M )
(12)* ( _  )■/+* exp ( — 2nik/3) 1 j  _  k -  VLJM)
where
P
tin ( R - ' X n i R )  \R -  2 R - ' X n ( R ) ) ,
vl
nn
( R - ' x , A R ) \ v lm( R ) \ R - ' x „ ( R ) ) ,
-  1
m
1/2
and
glmUJ>k',k,ù)
( - ) il — k' + m
(2/ +  1) ( 2/ +  1 ) ( 2/ +  1)
8tt( 1 +  5„,o)
1/2
J I j
n o n ( -  )
m j i
k' m
w
J
k
+
J l
k' tn
w
J
k
The large parentheses appearing in the last expression de­
note W igner 3/ symbols. The only terms in Eq. (4) off 
diagonal in Í1 are due to Coriolis interaction and will be 
called off-diagonal Coriolis terms henceforth. Rem em ber 
that these contributions are small if J  is not too large and 
they are neglected in the so-called helicity decoupling ap­
proximation. In tha t case Ü is also a good quantum  n u m ­
ber. The dimension of the Ham iltonian  matrix (without 
symmetry) for fixed J  and M,  is completely determined by 
the m axim um  values ymax and /zmax of j  and n , respectively:
( 2 A +  1 ) («max +  1 ) [ O m a x  +  D 2 - } A ( A  +  D], where 
min (t/,ymax) .
All the angular integrations and the radial integration 
over the kinetic energy are performed analytically, only the
9
radial integrals over the potential energy v}¡lu and the inte- 
grals p nn over R ~ “ are calculated by a 20-point G a u ss -  
Laguerre integration.
A
. SYMMETRY
16The molecular symmetry g ro u p 1U of the A r - N H 3 
dimer is P I ( C 3t,), if we neglect the inversion tunneling 
(umbrella  motion) of the N H 3 monomer. This group con­
sists of even perm utations of the protons and odd pe rm u­
tations of the protons times space inversion. The effect of 
all group operations on the basis defined in Eq. (3) is given 
in Table I. F rom  these relations it is easy to construct bases 
for the irreducible representations (irreps) o f P I ( C 3i;) (T a ­
ble I I ) .  All components of the dipole m om ent of the dimer
T A B L E  II. Bases for irreps of P I ( C 3„).
\ j00JM)  for even J
[ | j k t U M )  +  ( -  )J + k \ j - k - C l J M ) ] / S ¿  for k = 0 (mod 3) 
\ j00JM)  for odd J
[ | jkVLJM) -  ( -  )J+ k \ j  — k  — Í I J M) ] /  y/2 for k =  0 (mod 3) 
|jkfiJM>
|j — k — Í2JM)
for A '^0  (mod 3)
belong to A 2, so that we get the selection rules A ^ A 2 and 
E<r+E for dipole transitions.
We also have to consider the nuclear spin in order to 
satisfy the Pauli principle. The total wave function ( inc lud­
ing nuclear spin) must belong to r tol =  i or A 2 of  PI 
(C 3y); the first corresponds to negative and the second to 
positive parity of the total wave function. The argon 
( 7 = 0 )  nuclear spin function spans the A¡ irrep and for 
l4N ( 7  =  1) we get 3A l. The eight proton ( / =  1 /2) spin 
functions span a 4 A ¡ ® 2 £  representation. In total we have 
r  spin =  12A\ © 6E. To obtain the spin statistical weights we 
have to find an irrep r rue for the rovibronic wave functions 
such tha t r rve 0 rspin D r tot =  Aj or A 2. Since 
E  <s> E  =  A ] @A2@ E, a rovibronic wave function of E  sym ­
metry together with the spin gives rise to an A¡ and A 2 
component. The rovibronic states of E  symmetry (the para 
species) have spin statistical weight 12. Similarly, a rovi­
bronic wave function of symmetry A¡ or A 2 ( the  ortho 
species) combines with the 12 A¡ nuclear spin functions to 
12 Pauli allowed states, also yielding a spin statistical 
weight of 12. F o r  closed shell systems like A r - N H 3 the 
electronic wave function belongs to A lt so the irrep T ri, to 
which the rovibrational wave function belongs is the same 
as r rw,.
If inversion tunneling were included the molecular 
symmetry group would be PI(Z>3/;). The correlation be­
tween P I ( C 3u) and PI(£>3/,) is given in Table III. The 
states with A\  and A"  symmetry are Pauli forbidden, i.e., 
they have a spin statistical weight of zero. All components 
of the dipole m om ent now belong to A ”, yielding the se­
lection rules A 2<-+A2 and E ' ^ E " .  This means that all 
A¡+->Ao transitions in PI (C 3i,) remain single transitions, 
with frequencies that may be shifted by the inversion tu n ­
neling, and that all E*->E transitions in P I ( C 3y) are split 
into doublets by the inversion tunneling. These shifts and 
splittings are determined by the nature  of the van der 
Waals vibrational states, but they will not exceed the in-
- 2 4  G H z ~ 0 . 8  c m -1version splitting ( ) in free N H 3.
Because the o r th o -p a ra  conversion is slow, one may 
expect that at the molecular beam tem perature  of about 10 
K the lowest states of each species will be populated, in the
T A B L E  III. Correlation between P I ( C 3„) and PI(Z)3/i) (spin statistical 
weights in parentheses).
P I ( C 3„) PI(¿>3/,)
¿ , ( 1 2 ) /Ij(O) ®^2 ( 12)
A 2{\2) ¿ í ( i 2 ) ® ¿ r ( o )
£ ( 1 2 ) F ( 6 ) © £ " ( 6 )
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T A B L E  IV. Parameters used in the calculations. V. RESULTS AND DISCUSSION
Masses (am u )  (Ref. 17) 40 A r 39.9627
!4N 14.0031
'H 1.0078
Rotational constants of N H ? (cm ■') (Ref. 18)
A X,AV 9.945
A 2 6.30
ratio ortho: para =  2:1. One may observe two sets of spec­
tral transitions: those between the ortho  states, A ]^ +A2 in 
P I ( C 3t,) or A 2 <—>A2 in PI (D ih), and those between the 
para states, E<-+E in P I ( C 3l,) or E'<r+E" in PI(Z)3/;). So far,
only transitions between ortho  states have been identi­
fied.7,9
IV. COMPUTATIONAL ASPECTS
In Table IV we summarized all relevant parameters 
used in the calculations. As given in Ref. 11 the m aximum 
/ value in the anisotropic potential of Eq. (2) is /max =  7. 
We have first optimized the parameters Z)Morse, R  Morse» an d 
co Morse ° f  ^ e  radial basis functions to yield m inim um  en­
ergy with fixed size of the basis for the lowest state of J  =  0 
(the ground state). As found previously,19 this energy is 
ra ther insensitive to D Morsc somewhat more sensitive to 
attorse» an(  ^ strongly dependent on R Morse* The optim um
o
value found for R MorSe =  3.8836 A. The other two p a ram ­
eters are chosen to correspond to the dissociation energy of 
the anisotropic interaction potential, yielding 
^Morse =  134.274 cm “ ', and to the calculated fundamental 
stretching frequency, giving coMorsc — 32.636 cm -  ’. Next 
we performed calculations neglecting the off-diagonal C o­
riolis terms for fixed J , and i i  ranging from 0 through / ,  
with /zmax =  6 and ymax =  9. This yields for 7<ymax eigen­
value problems of dimension nearly 700. In this case, in 
which we neglect off diagonal Coriolis interaction, i i  is a 
good quantum  num ber and the levels for fixed J  with ± i l  
are degenerate. The convergence of the eigenvalues has 
been checked by calculations with /7max =  7 and 
y max — 10- The lowest two eigenvalues for fixed J  and Í1 are 
converged within 2 X 10 ~ 4 —  ~ 1 
within 2X  1 0 "  3
_  1 cm ' and the next two levels 
and 1 0 “ c m - 1 , respectively. However, 
because the convergence of the eigenvalues for =  0 is 
nearly the same for different J , we get a much better con­
vergence on the transition frequencies J -+ J +  1, (1 = 0 
than the numbers just mentioned; e.g., the lowest of these 
transitions 0 — 1, Í1 =  0 has a convergence of about 
4 X  1 0 - 6  c m ' 1.
In order to calculate the effect of the Coriolis in terac­
tion we performed calculations including the off-diagonal 
Coriolis interactions with a smaller basis (/2max =  5, 
y’max — 7) and compared these with calculations neglecting 
the off-diagonal Coriolis interaction in the same basis. 
F rom  these calculations we could calculate the Coriolis
correction AE -^Coriolis ^no Coriolis each level. The
convergence in this correction has been checked and is 
about 1 0 ~ 5 c m - 1 .
Table V summarizes the results of our calculations: the 
rovibrational levels including Coriolis interactions, their 
symmetries and J  quan tum  numbers, the expectation val­
ues of the van der Waals stretch coordinate (R  ), the end- 
over-end rotational constants B = ( f r /2 f iR  ), and the ex­
pectation of the Legendre polynomials ( P , ( c o s t ì ) )  
a n d ( P 2(C0S ^  ) )• All levels are given up to J  =  3, from the 
ground state upwards to about 40 cm _
In principle, one may correlate these levels with two 
different limits: a free internal rotor model and a nearly 
rigid dimer model. It will be obvious from various results 
discussed below that the latter model is not realistic. 
Therefore, we concentrate on the free internal ro tor model, 
for which the following Hamiltonian can be written:
M 2  A ÚÀ
1 f r  d
2fiR dR
-2 R +  V int(R ) .
(5)
It is assumed in this model Hamiltonian that the effective 
interaction potential V int(R )  is isotropic, so that the in­
ternal and overall rotations can be separated from the van 
der Waals stretch vibration. The angular m om entum  L is 
associated with the rotations of the vector R (the end-over- 
end ro ta tions),  the operator j with the NH^ rotations and
A *  A
the total angular m om entum  is defined as J  =  L -f j. All 
these operators are now expressed in space fixed coordi­
nates. The eigenvalues of this model Hamiltonian are given 
by
EjkLs A J  (J +  1 ) -f- (Az — A x ) k 2 +
f r
2/j.R
T L ( L  +  1 )
M
0» (6)
where fcos are the eigenvalues of the radial (s tre tch) part 
of Eq. (5 ) .  In Figs. 1(a) and 1(b) we have drawn the 
lowest levels listed in Table V and indicated their correla­
tion with the eigenstates of Eq. (6 ) .  For  the fixed radial 
coordinate in Eqs. (5) and (6) we have chosen
o
R  v/ =  3.88 A, which equals the distance where the isotro­
pic potential [i.e., the term with / =  in =  0 in Eq. (2 )]  has 
its m inimum. Note that the m inim um  of the full aniso­
tropic potential, which occurs for -ft =  75° and cp =  60°,
corresponds with a considerably shorter distance
° 1 R e =  3.59 A. The reference energy D0 =  81.78 cm in
Eq. (6) is chosen such that the lowest level of the model
coincides with the computed ground state and the quantity
fico\ =  32.52 cm 1 such that also the first stretch excited
levels (vs =  1) coincide.
The first point of interest concerns the zero-point en­
ergy, D e — D0 =  52.49 cm \  where D e =  134.27 cm ~ 1 is 
the well depth of the anisotropic potential. In a free rotor 
model the zero-point energy associated with the angular 
motions should be zero, but we observe that the total zero- 
point energy is m uch larger than the zero-point energy 
t fico i =  16.26 cm “ 1 estimated for the stretch vibration. So, 
there must be a large am ount of zero-point energy associ­
ated with the hindered internal rotations. If we correct the 
ground state energy Dtì =  81.78 c m “ 1 for the zero-point
J. Chem. Phys., Vol. 94, No. 1, 1 January 1991
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T A B L E  V. A r - N 3 energy levels, including off-diagonal Coriolis correction (given in parentheses) and expectation values of the dimer bond length (R),  
of the rotational constant B =  (f ir/ l f iR2) , and of the first and second Legendre polynomials ( P , ( cos 0)> and <P2(c o s ^ ) ) -  Also the following related 
quantities are given: R0= (R ~ 2) ~ l/2, =  arccos (P]( cos {))) and \)2 =  arccos ^ ) ) +  U ] l/2- The approximate quantum  num ber | f l |  is
equal to the lowest 7  value of  each rotational ladder.
Energy (cm - 1) Symmetry (R)( A)
B (cm ’) 
[* o (A ) l
<P,(cosfl)>
(f l | )
(P2(cos 0)> 
( ö 2)
-  81.779 964 (0) A, { J  = 0)
-  81.591 621 ( - 0 . 0 0 0  542) A 2( J = \ ) 3.884 0.0944 0.392 0.054
-  81.215014 ( - 0 . 0 0 1  621) A l( J = 2 ) (3.867) (66.9°) (52.6°)
-  80.650 304 ( -  0.003 230) A 2( J =  3)
-  60.599 574a ( -  0.013 909) A 2( J =  1)
-  60.251 796 ( -  0.041 985) A , ( J =  2)
-  59.730 078 ( -  0.083 829) A 2( J =  3) 3.894 0.0939 0.187 - 0 . 1 8 5
-  60.585 866a ( - 0 . 0 0 0  201) A l( J =  1) (3.878) (79.2°) (62.7°)
-  60.210 782 ( - 0 . 0 0 0  971) A 2( J =  2)
-  56.648 367 ( - 0 . 0 0 2  118) A , ( J =  3)
-  57.693 435 (0) A \ ( J  = 0)
-  57.504 106 (0.012 390) A 2( J =  1) 4.026 0.0884 - 0 . 1 6 9 0.201
-  57.125 648 (0.037 040) A i(J = 2) (3.996) (99.7°) (133.1°)
-  56.558 459 (0.073 698) A 2( J = 3 )
-  49.262 859 (0) A t(J  = 0)
- 4 9 . 0 8 7  172 (0.000 989) A 2( J =  1) 4.061 0.0873 0.256 0.157
-  48.735 858 (0.002 990) A t( J =  2) (4.022) (75.2°) (48.6°)
-  48.209 036 (0.006047) A 2( J =  3)
-  70.356 245 ( -  0.005 734) E ( J =  1)
-  69.985 846 ( -  0.017 304) E ( J =  2) 3.862 0.0955 0.551 0.139
-  69.430 408 ( -  0.034 628) £ ( 7 = 3 ) (3.845) (56.6°) (49.3°)
-  65.186 176 (0) E{J  =  0)
-  64.994 966 (0.001 874) £ ( 7  =  1) 3.880 0.0946 0.180 - 0 . 1 9 4
-  64.612 655 (0.005 600) E( J  =  2) (3.863) (79.6°) (63.1°)
-  64.039 458 (0.011 142) £ ( 7  =  3)
-  56.381 319 (0.001 537) £ ( 7  =  1)
-  56.015 352 (0.003 521) £ ( 7 = 2 ) 3.958 0.0910 - 0 . 2 7 8 -  0.040
-  55.466 580 (0.006 591) £ ( 7 = 3 ) (3.939) (106.1°) (123.6°)
-  42.700 356 ( -  0.051 868) £ ( 7 = 2 ) 3.857 0.0957 0.656 0.271
-  42.201 111 ( -  0.126 901) £ ( 7 = 3 ) (3.841) (49.0°) (44.2°)
-  41.266 060 ( -  0.007 236) £ ( 7 =  1)
-  40.858 327 (0.027 897) £ ( 7 = 2 ) 3.921 0.0931 0.145 -  0.029
-  40.249 835 (0.077 616) £ ( 7 = 3 ) (3.894) (81.7°) (55.9°)
-  39.890 732 ( -  0.015 071) £ ( 7 =  1)
-  39.571 107 ( - 0 . 0 4 4  608) £ ( 7 = 2 ) 4.073 0.0873 0.515 - 0 . 1 0 9
-  39.089 770 ( -  0.086 804) £ ( 7 = 3 ) (4.022) (59.0°) (50.4°)
-  39.092 377 (0)
oII*->
-  38.907 376 (0.008 808) £ ( 7 =  1) 4.050 0.0881 0.089
•
-  0.209
-  38.538 366 (0.025 510) £ ( 7 = 2 ) (4.003) (84.9°) (63.9°)
-  37.987 015 (0.048 596) £ ( 7 = 3 )
‘These groups of levels are pairwise degenerate if we neglect the off-diagonal Coriolis terms.
energy =  16.26 cm -  1 associated with the stretch vi­
bration, the estimated well depth, 98.04 cm -  *, of the ef­
fective isotropic potential F int(Æ) is not very different 
from the well depth £>iso =  92.86 c m -1  of the isotropic 
potential v00( R ) S 00(ü,q)) =  (4tt)  ~ W2v00{R ).  We must 
conclude that the large zero-point energy associated with 
the hindered internal rotations is caused by the fact that 
the relatively deep wells D e =  134.27 cm ~ 1 are too narrow 
to be sufficiently “ explored” by the ra ther delocalized in­
ternal rotor wave functions. Localization in these wells
would cost too m uch kinetic energy. This is consistent with
o
the observation that the average distance (R )  =  3.88 A in 
the rovibrational ground state of A r -  N H 3 is substantially
o
larger than the equilibrium distance R e =  3.59 A, but prac-
o
tically equal to the equilibrium distance R M =  3.88 A of 
the isotropic potential (47t) “  1/2 Vqq{R ) .
Now we consider the rovibrational excitations and 
their correlation with the free internal ro tor model, as 
shown in Figs. 1(a) and 1(b). F o r  the model we observe 
groups of levels characterized by the rotational quan tum
J. Chem. Phys., Vol. 94, No. 1, 1 January 1991
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FIG. 1. (a )  Calculated rovibrational energy levels of .4, and A 2 symmetry and their correlation with the free internal rotor model of Eqs. (5) and (6). 
All quantum  numbers are explained in the text. The Coriolis interactions are included in the calculated levels, but they are too small to be visible at the 
scale of this figure, (b) As (a) ,  for the levels of E  symmetry. The dissociation energy given on the right-hand scale is with respect to Ar and (para)  NH^ 
in the j  =  1 and I A'I =  1 state.
numbers j  and k  of the N H 3 symmetric top. The levels in 
each group contain the quanta  L =  0,1,2,... associated with 
the A r - N H 3 end-over-end rotation. The lowest levels, with 
j  =  0 and k  =  0, occur for the ortho species (sym m etry  A¡ 
and A 2), the next higher levels, with j  =  1 and \k \  =  1, for 
the para species (sym m etry  E ),  those with j  =  1 and k  =  0
A .
again for the ortho  species, etc. By vector coupling j  with 
L  to the desired eigenstates of J  2, we obtain the correct 
num ber of model states of given total angular m om entum  
J  that correlate one-to-one with the levels of the same J  
from the calculations. These computed energy levels are 
only characterized by the quan tum  num ber J  and, since the 
off-diagonal Coriolis interactions are small (see Sec. I I ) ,  by
evolved into different groups of levels which correspond to 
different van der Waals vibrations. So, for instance, the 
N H 3 levels with j  =  1 and k =  0 give rise to a ladder of van
der Waals rovibrational levels with 
— 60.79 cm -  1 and a ladder with i l ~
n
cm *. A nd the N H 3 levels withy
rO at origin 
1 and k
1 at origin
-  57.69
1 give rise
to three ladders of dimer rovibrational levels, with origins 
— 70.55, — 65.19, and — 56.56 cm “  *. The origins of the 
ladders with | Í 1 1 ~  1, which start at J  =  1, are obtained by 
subtracting from the J  =  1 levels twice the rotational con­
stants given in Table V. The N H 3 free ro tor states are not 
just split, there is also a substantial mixing of basis func­
tions with different j  and k. Moreover, as observed below,
an approximate quan tum  num ber |ÍX|. The labels j ,k ,  and there is strong mixing between radial (s tre tch) and angu-
L  are no longer good quantum  numbers, due to the aniso­
tropic interactions between N H 3 and Ar.
lar excitations in some of the dimer eigenstates. The  lowest 
of these van der Waals states will be discussed more spe­
l t  is striking to observe in Figs. 1 (a)  and 1 (b) that the cifically in the sequel.
positions of the energy levels are globally predicted by the 
free internal ro tor model. If  one looks in more detail, how ­
ever, one finds that the groups of j , k  levels of N H 3 have
F or  reference purposes we have first depicted, in Figs. 
2 (a )  and 2 (b ) ,  two cuts through the anisotropic potential 
energy surface. The first cut is made for fixed R  =  3.88 A,
J. Chem. Phys., Vol. 94, No. 1, 1 January 1991
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FIG. 2. (a)  Cut through the ab initio A r - N H 3 potential (in cm ') ,  for 
fixed R =  3.88 A. (b) As (a ) ,  for fixed (p =  60°, instead of fixed R. FIG . 3. (a )  Cut through the rovibrational ground state of ortho N H 3- A r• o
(energy — 81.78 c m "  , symmetry A t and J  =  0),  for fixed R =  3.88 A. 
Amplitudes of the wave function in 10“ 3 ( b o h r ) “ 3/2. (b) As (a ) ,  for 
fixed cp = 60°, instead of fixed R.
which is close to the average distance for many of the 
dimer eigenstates, the second cut at fixed cp =  60°. The cuts 
through the wave functions, which are discussed below, are 
taken at the same values of R  and cp. A more detailed view 
of the potential surface at the equilibrium distance
o
R e =  3.59 A is given in Ref. 11. However, that view shows 
only the irreducible part of the potential surface 0°<(p<60°, 
whereas Fig. 2 (a )  clearly exhibits the three equivalent van 
der Waals wells at cp =  60°, 180°, and 300°. If  A r - N H 3 were 
nearly rigid, one would expect the lower vibrational states 
to be localized in these wells, with small frequency split­
tings due to tunneling between them.
The ground state of A r - N H 3, which is displayed in 
Figs. 3 (a )  and 3 (b ) ,  does not appear to be a nearly rigid 
dimer at all. A lthough some adm ixture  of \ k\  = 3  states 
into the j  =  0 and k =  0 state of N H 3 leads to a threefold 
modulation in cp, this state is highly delocalized. It also 
explores a broad range of angles tì; only the region with 
close to 180°, near the hydrogen atoms, seems to be unfa­
vorable. Just as the o ther van der Waals vibrational states 
discussed below, this ground state supports  a ladder of 
overall rotational states which look like diatom states 
(they are associated with the rotations of the vector R, i.e., 
with the angles a  and ß ) .  The rotational constants and 
off-diagonal Coriolis interactions are explicitly given in T a ­
ble V; the latter are included in the com puted  energy levels, 
as are the centrifugal distortion effects and diagonal Cori­
olis interactions. The ground state with energy — 81.78 
cm ”  1 has A , symmetry and J  = 0; its rotational levels with 
J  =  1,2,3, etc. have alternately A 2 and A l symmetry (they
belong to the ortho  species). The pure rotational transi­
tions between these states have been observed in the m i­
crowave spectrum .7
In a nearly rigid complex a van der Waals vibrational 
state of E  symmetry would lie just above the ground state, 
with slightly higher energy due to tunneling between the 
equivalent minima at cp =  60°, 180°, and 300°. The two 
com ponents  of this state are shown in Figs. 4 (a ) ,  4 (b ) ,  and 
4 (c ) .  In reality it lies far above the ground state, at
— 65.19 cm “  1 for J  =  0, and it is strongly delocalized too 
(although it has a more distinct m axim um  at =  80°, near 
the equilibrium \) =  75°). Its position in the energy scheme 
of Fig. 1(b) is quite well predicted by the free internal 
ro tor model. This state is not even the ground state of the 
para species. The ground state of E  symmetry lies at
— 70.36 cm “ \  it has J  =  1 and | i i  | ~  1, and its dissoci­
ation energy of 86.61 c m “ 1 with respect to A r  and para 
N H 3 (with j  =  1 and \k\  =  1) is even larger than  the dis­
sociation energy of the ortho  N H 3- A r  dimer (81.78 
c m “ 1 ).
The first state which correlates with the j =  1, k
— 60.6 c m - 1 . It has I i i
0
1state of (o r tho )  N H 3 lies at -  
and it is nearly degenerate (o f  symmetry A l and A 2) since 
the even and odd combinations of the i l  =  ±  1 states are 
split only by off-diagonal Coriolis interactions with the 
i i  =  0 state. This state can be characterized as the lowest 
rotationally excited state of the A r - N H 3 complex associ­
ated with the rotation about the vector R, i.e., with the 
angle y. Note tha t the A r - N H 3 dim er is a prolate near- 
symmetric top. If  the d im er were nearly rigid, the large
J. Chem. Phys., Vol. 94, No. 1, 1 January 1991
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(b) (f ( d e g r e e s )
R  (A)
FIG. 4 (a)  Cut through the rovibrational state of para N H 3- A r  at energy 
— 65.19 cm symmetry E  (first component)  and 7 =  0, for fixed
o
R =  3.88 A. Amplitudes as in Fig. 3 (a ) .  (b)  As (a) ,  for the second 
component of E  symmetry, (c) As (a ) ,  for fixed (p =  60°, instead of fixed 
R.  The analogous cut for cp =  60° that corresponds with (b) is not shown, 
since it is very similar to (c).
rotational constant of this top should be comparable with 
the rotational constants of N H 3. However, the effective 
rotational constant of A r - N H 3 that can be extracted from 
the calculated positions of these levels is 21.2 c m ”  \  which 
is substantially larger than the rotational constants of N H 3. 
This confirms our earlier conclusion that the internal ro­
tations in A r - N H 3 are nearly free.
The other van der Waals vibrational state that corre­
lates with the 7 = 1 ,  k  =  0 state of (o r tho )  N H 3 can be 
considered as a bending vibrational state of the A r-N H ^  
complex, associated with the angle tì. Figure 5 supports 
this finding, but it shows, since the nodal plane is clearly 
not horizontal, that the bending is strongly mixed with the 
van der Waals stretch excitation. This state lies at — 57.69 
c m - 1 , whereas the stretch excited state which also in­
volves a considerable am ount of bending (see Fig. 6) lies at
— 49.26 cm ~ K So, the band origins of the bending and
J. Chem. Phys., Vol. 94
FIG . 5. Cut through the lowest bending vibrational state of ortho 
N H , - A r  (energy — 57.69 c m - 1 , symmetry /i, and 7 = 0 ) ,  for fixed 
cp =  60°. Amplitudes as in Fig. 3 (a ) .  Note the diagonal nodal plane in­
dicative of bend-stre tch  coupling.
stretch excitations are 24.09 and 32.52 cm “ *, respectively, 
but one should realize that these excitations are heavily 
mixed. This is evident also from the observation that both 
excitations lead to a substantial increase in the average van 
der Waals bond length (see Table V).
Finally, we compare our calculated results to the ex­
perimental observations. F rom  the A J  =  1 microwave 
transitions7 between the J  =  0,1,2,3 and Í1 =  0 states of the 
vibrational ground state it has been inferred that the end- 
over-end rotational constant of A r - 14N H 3 is 2876.849(2) 
M H z, the van der Waals bond length is R cm =  3.836 Â 
and the estimated van der Waals stretch frequency is 
cos =  34.6 c m “ 1. F rom  Stark effects and 14N quadrupole 
splittings of the microwave transitions also the expectation 
values (P\ ( c o s t ì ) )  and (P2{cos t ì ) )  have been estimated. 
F rom  the large difference between tì |  =  84.5°, extracted 
from (Pj ) ,  and t ì2 =  58.3°, extracted from (P2), it was 
concluded that the N H 3 m onom er undergoes practically 
free internal rotations. O ur  calculated values ( f r /  
2/iR2) =  2830 M H z, R 0 =  3.87 A, and cos =  32.52 cm ~ 1 
agree well with these data. Also the fact that the calculated 
tì] =  66.9° and t ì2 =  52.6° are very different agrees with the 
observations. O ur  absolute values of tì, and t ì2 are too 
small, however. The discrepancies between the calculated 
and observed quantities must be due to the inaccuracy of 
the ab initio po ten tia l .11 Given the nearly free internal rotor
FIG. 6. Cut through the lowest stretch vibrational state of ortho N H 3- A r  
(energy — 49.26 c m " 1, symmetry A x and 7 = 0 ) ,  for fixed =  60°. A m ­
plitudes as in Fig. 3 (a ) .
No. 1, 1 January 1991
van Bladel, van der Avoird, and Wormer: States of Ar-NH3 dimer 509
character of the van der Waals vibrational ground state, a 
relatively large error in the average values of tì is easily
made.
In the far-infrared spectrum a band has been observed9
at 26.47 cm -  i (band  origin). Its characteristics are the
regularity of the rotational structure, the increased van der 
Waals bond length in the excited state and the observation, 
taken from the 14N  quadrupole  splitting, that the angle 
=  a rc c o s [ | ( 2 ( />2(cos t ì ) )  +  1 ) ] 1/2 is changed only 
slightly (from 58° in the ground state to 52° in the excited 
state). We believe that this observed band corresponds to 
our calculated transition at 24.09 c m - 1 , which is primarily 
a bending excitation. A  considerable am ount of stretch is 
mixed into this bending mode and we find a substantial 
increase of the van der Waals bond length (R ) in the ex­
cited state. The calculated rotational s tructure  of this band 
is regular (see Table V) and, moreover, it follows from our 
calculations that the bending excitation involves only a 
slight change in the angle t ì2 (from 53° in the ground state 
to 47°, see Table V). Therefore, we think that the identifi­
cation of the band at 26.47 cm “ 1 with the bending mode is 
the most plausible assignment.
F u r th e r  low lying allowed transitions, at 21.2 c m “ 1 
(rotation around  R) and 32.5 c m - 1  (van der Waals 
stretch) for the ortho  N H 3- A r  dimer, and at 5.2, 14.0, 
27.7, 30.5, and 31.4 cm -  1 (s tre tch) for the para N H 3- A r  
dimer, are predicted by the calculations. The latter transi­
tions will be split into doublets, due to the inversion tu n ­
neling of N H 3.
VI. CONCLUSIONS
After having discussed the calculated rovibrational 
states of A r - N H 3 in detail, we can draw some more general
ft 7 Q
conclusions. We find, as inferred from the experiments, ’ * 
(hat the N H 3 m onom er exhibits nearly free internal ro ta­
tions. This follows from the global positions of the van der 
Waals vibrational levels, which correlate fairly well with 
the free ro tor states of N H 3, as well as from graphical 
representations of these vibrational states. It also agrees 
with the observation that the calculated spectrum of para 
N H 3- A r  is completely different from that of ortho 
N H 3-A r ;  only part of the latter spectrum has been ob­
served and interpreted yet. If  one looks at the anisotropic 
potential surface, however, it is ra ther  surprising, since this 
surface has a ra ther  deep threefold van der Waals well 
(De =  134.27 c m - 1 ) which is localized in angular space, 
and barriers to internal rotation which are typically five 
times larger than the rotational constants of N H 3 (see T a ­
ble IV) .  The barrier at tì =  0°, for instance, is about 30 
c m “ 1 [see Fig. 2 (b )] ,  while we observe in Fig. 3(b)  that 
the ground vibrational state has a large amplitude at this 
barrier. We conclude, in o ther words, tha t the low lying 
vibrational states of A r - N H 3 do not explore the deep wells 
in the potential surface, so that also the zero-point energy 
Dc — D0 =  52.5 cm “  1 is m uch larger than one would ex­
pect from a free internal ro tor model.
If  one looks more in detail at the vibrational states one 
observes that they deviate in specific ways from free inter­
nal ro tor states. This manifests itself in the energy level
scheme [Figs. 1(a)  and 1(b)]  and in the different am ounts  
of mixing of free ro tor basis functions [with quan tum  n u m ­
bers j  and k, see Eq. (3)]  in the com puted  eigenstates of the 
A r - N H 3 dimer, which lead to different degrees of angular 
localization of these eigenstates (see Figs. 3 to 6). Also the 
variations in the average van der Waals bond length (R )  
for different eigenstates (see Table V) support this obser­
vation. The most clearcut breakdown of the free internal 
ro tor model is the result that the (large am plitude) bend­
ing mode is strongly mixed with the van der Waals stretch 
(see Figs. 5 and 6); both the (prim arily) bending and 
stretch excitations lead to a substantial increase of ( R) .
Given the remaining uncertainty in the potential en­
ergy surface, which is due to the approximations present in 
the ab initio calculations,11 we can conclude that our re­
sults are in good agreement with molecular beam spectra, 
both in the microwave7 and far-infrared9 regions. Thus, it 
should be possible to assign also the multitude of m icro­
wave transitions mentioned, but not reported, in Ref. 7. 
This applies in particular to the transitions pertaining to 
the para N H 3- A r  species, originating from N H 3 monom ers 
with j  =  1 and \k \  = 1 .  We assign the band observed in the 
far-infrared spec trum 9 to a mode that is primarily bending, 
but heavily mixed with the van der Waals stretch vibration. 
We predict several more rovibrational bands that will 
probably be visible in the far-infrared spectrum, pertaining 
both to the ortho  and to the para N H 3- A r  species. W hen a 
sufficient num ber o f  such transitions will be observed, one 
can start to improve systematically the ab initio potential 
surface. A t present, we are calculating the intensities of 
these transitions, with inclusion of the complete P, Q  and 
R  branches, in order to obtain a complete simulated far- 
infrared spec trum .13 Also calculations with the inclusion of 
the v2 umbrella vibration of N H 3 and the inversion- 
tunneling splittings in A r - N H 3 are in progress.
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